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This thesis presents a systematic method for experimental characterization
of Bowden cable friction and compliance. A novel tension and elongation mea-
surement method using a motion capture system and a spring is introduced.
With the measurement method, the effects of nine variables on friction and
cable compliance are investigated through a comprehensive set of experiments
under 144 different cases. We have generated specific guidelines for Bowden
cable configurations and design parameters to achieve optimal performance
which may help robotics researchers in choosing and configuring Bowden ca-
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A Bowden cable is a type of flexible cable used to transmit mechanical
force or motion by the movement of an inner cable relative to a hollow outer
sheath. It is commonly used on bike and vehicle break systems. Recently,
many robotic researchers, particularly those who design wearable robots and
medical devices, have introduced Bowden cables into robot applications [3, 4,
19, 20, 22, 23, 26, 27]. We also plan to use Bowden cable actuation in a novel
hand exoskeleton [1].
Bowden cables have several advantages which make them suitable for
robotics applications. The first one is remote actuation. Many robot sys-
tems suffer adversely from the mass and moment of inertia of actuators and
transmission systems because they affect the dynamic properties of the system.
The mass and moment of inertia especially degrade the dynamic transparency
of wearable robots. By using a Bowden cable, actuators can be placed far away
from end-effectors, which helps to reduce the weight and inertia and increase
the power density. The second advantage is flexibility. Most mechanical trans-
mission systems such as gear trains, belts and tendon-pulleys are rigid and the
configuration of the system is fixed. However, since the only interaction be-
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tween a Bowden cable and other systems or environment is at its two ends
where they are clamped, it is flexible and free to move in between and this
helps to increase the range of motion of end-effectors. Third, a Bowden cable is
only clamped at the ends and no support is needed to change its routing path,
which means the location where reaction forces are exerted by other parts or
environment on the end-effector can be changed by using Bowden cables and
this helps to decouple the actuated end-effector.
However, the critical weakness of a Bowden cable is its nonlinear char-
acteristics due to cable and sheath compliance and the friction between its
inner cable and outer sheath. These characteristics degrade the performance
of the transmission system. [14] report that up to 95% of the motor torque
is used to overcome Bowden cable friction. And [9] report that the stability
of their force servo system depends on input due to such nonlinear character-
istics. Despite the significant influence of the friction and compliance, many
robotics researchers have neglected them in their system models and treated
them as disturbances in the control schemes [23][13][21]. The primary reason
for this is that it is difficult to model and compensate for them due to their
non-linearity and multi-variable dependency.
The nonlinear and multi-variable dependent characteristics of Bowden ca-
ble is a result of the nature of friction, and modeling friction is a key part of
Bowden cable frictions. Kaneko et al. [11][10] first introduced a static model
incorporating both tendon compliance and Coulomb friction. They also pro-
posed a lumped parameters dynamic model for numerical simulation. Palli
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et al. [17] and Chen et al. [15] modified these models by using Dahl model
and Lugre model which can better reflect various friction behaviors, such as
presliding displacement and Stribeck effect. Wang et al. [25] extended two-
dimensional results to simple three-dimensional Bowden cable configuration.
Agrawal et al. [2] proposed a mathematically rigorous distributed parameter
model for configurations with any curvature and initial tension profile.
However, the performance of Bowden cable is still difficult to predict with
the above models. There are several reasons for that. First, Bowden cable
behavior depends on many variables including material properties, configura-
tion, working load etc, which may not be counted in these models. Second,
these models[10, 11, 17] use assumptions that are not applicable under real sit-
uations, such as constant wrapping angles and uniform pretension along the
sheath. Third, the initial conditions are hard to determine when simulating
any dynamic models proposed in the studies above. Finally, simple friction
models can not account for all the friction behaviors while complex friction
models have many coefficients which are not easy to determine. Even though
the values of these parameters can be estimated through system identification,
these models can not accurately predict the behavior of Bowden cables once
the working condition is not the same as the condition under which the system
identification is carried out, as shown in Fig. 1.1. We collected experimental
data with 1 Hz sinusoidal input and 4 N pretension and used these data to
identify the coefficients in Dahl model. Fig. 1.1(a) shows that the simulated
curve using the identified coeffeicients is very close to the real experimental
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curve. However, the simulated curve deviates from the experimental curve
when the input frequency and pretension are changed to 5 Hz and 6 N re-
spectively.
Given the critical challenges in modeling Bowden cable transmission, we
decide to characterize Bowden cable performance and gain an understanding of
effects of design parameters by conducting extensive experiments. The design
of experiments is based on the knowledge gained from study of existing models.
Only limited experimental studies have been carried out with Bowden cables.
Goiriena et al. [8] only partially showed the influence of some variables on
friction using only steel cables and one sheath. There is no systematic method
for characterizing the performance of Bowden cables, leading to a difficulty
in the selection of proper Bowden cables and in designing control systems for
Bowden cable actuated robots.
This theis presents a systematic experimental method for the character-
ization of small-sized Bowden cable systems used either for force or motion
transmission. The theis first introduces the existing mathematical models
of Bowden cable and the limitations of current work. Next, the experiment
methodology is presented, including factors selection, the performance eval-
uation criteria, a novel cable tension and elongation measurement technique
using a motion capture system and springs, experimental setup and experi-
ment procedure. Finally, the experimental results are shown and discussed
about. Initial work on this topic was published in [6].
4

















(a) 1Hz input, 4N pretension

















(b) 5Hz input, 6N pretension
Figure 1.1: Typical input-output curve for comparison between ex-
perimental and simulation results (7x19 stainless steel cable, PTFE
sheath, 90◦ angle, 500 mm cable length). (a) 1 Hz sinusoidal input and
4 N pretension is applied and the experimental data is used to identify the
coefficients in Dahl model. (b) 5 Hz sinusoidal input and 6 N pretension is
applied and the experimental data is plotted against the data predicted by




The static model of a Bowden cable system presented in [11][10] (Fig. 2.1)
is:




f = µNsign(ẋ) = −dT (x) (2.2)
µ =
{
µs if ẋ = 0






where f , N and T (x) are the friction force, normal force and cable tension,
dx and r(x) are the arc length and curvature radius of the cable element, α(x)
is the angle enclosed by dx, µs and µd are the static and dynamic Coulomb
friction coefficients, E, A and δ(x) are the Youngs Modulus, cross section area

















Figure 2.1: Force balance for an infinitesimal tendon element [15].
If we assume constant radius R and pretension T0 along the whole cable









if x < L1













H(L1)− T0L1 + RµTinsign(ẋ)
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L1 = min {x ∈ T (x) = T0} (2.9)
L1 is the maximum length along the cable where the input tension can be
transmitted.
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Although the solution is simple and helps us in understanding the funda-
mental characteristics of Bowden cables, it is not applicable for general situ-
ations because it is based on some simplified assumptions, such as constant
curvature radius and pretension along the whole cable length. In practice, the
initial tension profile depends on the time history of past applied forces and
is usually not uniform. And due to the flexibility characteristics of a Bowden
cable, the curvature radius of the sheath can vary during the operation of the
Bowden cable. Therefore, to get the analytical solution, we have to integrate
(2.5) along the cable length with varying radius and non-uniform pretension
profile. However, it is almost impossible to know the time-variant radius of
each infinitesimal cable segment and the pretension profile as well. To nu-
merically solve the problem, Kaneko et al. [11][10] also proposed a lumped
parameters model based on Coulomb friction for simulation, which was later
refined by using Dahl model [17] and Lugre model [15] which can better reflect
various friction behaviours. But they made the same assumptions of constant
radius and pretension profile which greatly limit their usefulness in real appli-
cations.
There are other limitations of these models. For example, they do not
take buckling effect into account. While the cable is under tension, the sheath
is under compression due to the interaction between the cable and sheath.
When the compression force is large enough, it will cause the sheath to lo-
cally buckle and twist, which greatly degrade the force or motion transmission
performance. In addition, the coefficients of these models are not necessar-
8
ily constant, but time or configuration dependent. This makes it even more
difficult to accurately model Bowden cables. Actually, numerous factors af-
fect the performance of a Bowden cable. Given the complexity of Bowden
cable behaviour, we propose to characterize Bowden cable friction and com-
pliance through experiments. Our goal is to generate guidelines of choosing





Numerous factors affect the performance of a Bowden cable and it is im-
possible to study all of them, so we have to choose key factors to be investi-
gated. Because our goal is to generate guidelines for choosing and configuring
Bowden cables, we decided to select the factors needed to be considered during
the process of building a Bowden cable transmission system, of which the first
crucial step is to choose the right type of cable and sheath. And the next step
is to configure and determine the way of using the Bowden cable. Consider-
ing these two steps, we decided to choose the following nine variables for our
study: cable construction, cable diameter, cable material, sheath thickness,
sheath material, bending angle, pretension, cable speed and sheath routing.
And for each one of the nine factors, we used two different values to deter-
mine the effects of the factors on the performance of a Bowden cable. We did
not include cable length as one of the factors because it is typically decided
by specific application situation. For consistency, the cable length is kept as
500mm for all situations.
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(a) 1x7 (b) 7x3 (c) 7x19
Figure 3.1: Cable construction types. The name of a cable indicates its
construction, for example an 1x7 cable consists of one strand, each made with
seven wires. The construction mainly determines the bending and elongation
stiffness of a cable. The 1x7 cables have the largest stiffness, while the 7x19
cables have the smallest stiffness of the same size.
3.1.1 Cable Construction
The construction of a cable means the number of its strands and wires per
strand (Fig. 3.1), which is usually indicated by the cable name. For example,
a 7x19 cable consists of seven strand, each made with nineteen wires. Cable
construction mainly determines the bending stiffness of a cable given the same
diameter and material. For the cables we use, 1x7 cables are stiffer than 7x19
cables for bending. Also cable construction will affect the elongation stiffness
of a cable. Similarly, 1x7 cables are stiffer than 7x19 cables for elongation.
3.1.2 Cable Diameter
Generally the diameter of cables and sheaths is restricted by the applica-
tion requirement such as load or space limit. In our experiments, we mainly
focus on small-sized Bowden cables since for hand exoskeletons, load require-
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ments are relatively small compared with those exoskeletons used for upper
or lower limbs. Cable diameter determines its cross section area and thus has
effect on both bending stiffness and elongation stiffness. Larger diameter leads
to larger bending stiffness and larger elongation stiffness. The two diameters
we use for the cables are 0.53 mm and 0.66 mm. And for consistency, the
sheath inner diameter is kept as 1 mm.
3.1.3 Sheath Thickness
Given the same inner diameter and material, the bending stiffness of a
sheath is mainly determined by its thickness – the thicker the sheaths are,
the more difficult it is to bend them and thus they have larger stiffness. Also
sheath thickness will affect the elongation stiffness of a sheath. Since thicker
sheath has larger cross section area, it also has larger elongation stiffness. The
two thickness we use for the sheaths are 0.4 mm and 1.0 mm.
3.1.4 Cable and Sheath Material
There are various materials for cables and sheaths. The major effect of
different materials on Bowden cables is their coefficients of friction. We select
two types of cables of different materials – stainless steel cable and Fluorinated
ethylene propylene (FEP)-coated cable; and two types of sheaths of different
materials – Nylon sheath and Polytetrafluoroethene (PTFE) sheath.
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3.1.5 Bending Angle
As shown in Fig. 2.1, the bending angle formed by the cable will affect the
normal force and in turn change the friction force and elongation. However, it
is very difficult to know the exact angles along the whole length of a flexible
Bowden cable. Therefore, we use the angle formed by the two sheath clamps
instead, which can be quantified easily (θ in Fig. 3.4). The two angles we use
for θ are 45◦ and 90◦.
3.1.6 Pretension
Another important factor in setting up Bowden cables is pretension. Be-
cause Bowden cables can only work under tension, insufficient pretension would
lead to cable slack. On the other hand, excessive pretension will increase the
power consumption of the actuator and may also affect the friction and elon-
gation performance of Bowden cables (see (2.5)). However, as stated before,
it is impossible to know the exact pretension profile because the profile is not
uniform and it depends on the time history of past applied forces. So we only
control and change the pretension at the output side of a Bowden cable. The
two pretensions we use are 4 N and 6 N .
3.1.7 Cable Speed
According to 2.5, it seems that the magnitude of cable moving speed has
no effect on either the friction or the elongation of a Bowden cable. However,
in order to control cable movement, especially for position control, the cable
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moving speed is an indispensable aspect needed to be considered for Bowden
cable application. Therefore, we include it as one of the factors. From (2.6)
(2.7), we can see that not all parts of a Bowden cable will always move at the
same time. Instead, there might be some portion of a Bowden cable which
is moving while the rest is at rest. This makes it very difficult to know the
velocity profile along the whole length of a Bowden cable. Thus we only control
and change the cable moving speed at the input side of a Bowden cable. The
two cable speeds we use are 0.0153 m/s and 0.046 m/s.
3.1.8 Sheath Routing
Due to the interaction between the cable and sheath, the sheath is under
compression while the cable is under tension. Moreover, there is no support
for the sheath except the two clamps at its two ends. All these facts lead to the
movement and even buckling of the sheath, which will greatly affect both the
force and motion transmission performance of a Bowden cable. To eliminate
this uncertain factor, other researchers [10, 11, 15, 17] route the sheaths around
pulleys. But this might not be possible in Bowden cable applications due to
space limitation. To get a true understanding of Bowden cable, we decide
to carry out experiments under two conditions – one with the sheath routed
around a pulley and the other without.
Table 3.1 shows all the nine factors and the two different values for each
factor used in our experiments. In summary, we used four types of cables for
our experiment (Fig. 3.2), 1x7 stainless steel cable, 7x19 stainless steel cable,
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Table 3.1: Factors selected for the experiments. There are nine factors
in total, including cable construction, cable diameter, cable material, sheath
thickness, sheath material, bending angle, pretension, cable speed and sheath
routing. Two different values used for each factor are shown in the table.
Cable
Construction 1x7/ 7x19
Diameter (mm) 0.53/ 0.66
Material Stainless steel/ FEP-coated
Sheath
Thickness (mm) 0.4/ 1.0
Material Nylon/ PTFE
Bending angle 45◦/ 90◦
Pretension (N) 4.0/ 6.0
Cable speed (m/s) 0.0153/ 0.046
Sheath routing With pulley/ Without pulley
7x19 FEP-coated small-diameter cable and 7x19 FEP-coated large-diameter
cable. Except the 7x19 FEP-coated small-diameter cable having a diameter
of 0.53 mm, the other three cables share the same diameter of 0.66 mm.
Therefore by comparing the experimental results of 1x7 stainless steel cable
and 7x19 stainless steel cable, the effect of cable construction can be seen;
by comparing the results of 7x19 stainless steel cable and 7x19 FEP-coated
large-diameter cable, the effect of cable material can be determined; and by
comparing the results of FEP-coated small-diameter and large-diameter cable,
the effect of cable diameter can be understood.
We used three types of sheaths for our experiment (Fig. 3.2), PTFE thin
sheath, Nylon sheath and PTFE thick sheath. All the three types of sheaths
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(a) (b) (c) (d) (f) (e) (g) 
Figure 3.2: Cables and sheaths analyzed in our experiments. (a) 1x7
stainless steel cable, (b) 7x19 stainless steel cabl,; (c) 7x19 FEP-coated small-
diameter cable, (d) 7x19 FEP-coated large-diameter cable, (e) PTFE thin
sheath, (f) Nylon sheath and (g) PTFE thick sheath
share the same inner diameter of 1 mm. The Nylon and PTFE thin sheath
also have the same thickness of 0.4 mm, while the PTFE thick sheath have a
thickness of 1 mm. Therefore by comparing the experimental results of Nylon
and PTFE thin sheaths, the effect of sheath material can be understood; and
by comparing the results of PTFE thin and thick sheaths, we can determine
the effect of sheath thickness.
Based on the number of types of cables and sheaths, there are twelve
different combinations in total. And for each combination, we carry out ex-
periments with two different bending angles, two different pretensions, two
different cable speeds and two different sheath routing conditions. This re-
sults in a total of 144 different cases. In order to determine the variability and
16
reliability of the data, we performed five trials for each case and the averages
and standard deviations of the force transmission efficiencies or elongation
compliances introduced in the next section were calculated.
3.2 Evaluation Criteria
In this paper, we use force transmission efficiency defined by (3.1) and
elongation compliance defined by (3.2) as the criteria to compare the experi-
mental results of different cases. The force transmission efficiency is equal to
the quotient of the change of the tension in the cable after the sheath, ∆Tout
divided by that before the sheath, ∆Tin. And the elongation compliance is
equal to the quotient of the cable elongation, δ divided by the change of the
tension in the cable before the sheath, Tin. The force transmission efficiency
represents the friction performance of a Bowden cable, and the elongation
compliance represents the elongation performance. High force transmission
efficiency and low elongation compliance is desired in a Bowden cable system.
E = ∆Tout/∆Tin (3.1)
C = δ/∆Tin (3.2)
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(a) Mechanical setup for validation
y = 0.2028x-17.9432 
R = 0.9998 
(b) Spring calibration result

















(c) Force data comparison
Figure 3.3: Validation of the new force measurement method. (a)
The servo motor (Dynamixel RX-24F, ROBOTIS. Inc.) provides a sinusoidal
force, which is measured both by using a digital force gauge (DFG55, OMEGA.
Inc.) and the novel measurement method. (b) The force measurement system
is calibrated using a set of weights. The fitted line has a correlation coefficient
of 0.9998 which shows the spring has linear behavior. (c) The forces measured
by the novel method and the force gauge are compared, the average error




To calculate the force transmission efficiency, we need to measure the
input and output tension, Tin and Tout. Due to the large sensor weight or
inertia compared with that of the cable, the common way of measuring tension
using a load cell or force gauge may change the dynamic characteristics of the
Bowden cable system and in turn affect the tension measurement accuracy.
Thus instead of using a force sensor, we propose a novel tension measurement
method using a motion capture system (PhaseSpace Inc.) and springs.
The idea is to attach markers to two ends of a spring, and insert the
spring at any point where force is to be measured as shown in Fig. 3.3(a).
Eight cameras are placed around the markers to capture the 3D motion of
each marker. The deflection of the spring is recorded by the motion capture
system, then the force is calculated using spring constant. Since the mass of a
spring is fairly small, it has little effect on the dynamics of the original system.
To validate the performance of the novel tension measurement system, we
first calibrated the spring and the experimental results show that the chosen
spring has linear behaviour (Fig. 3.3(b)). Then we connected a motor, a string
with the calibrated spring in series with a force gauge (Fig. 3.3(a)). We applied
a sinusoidal force with the motor and measured it with both methods. The
sampling rate of the force gauge is at 1000 Hz, while the novel measurement
system runs at 480Hz. Results show that the novel force measurement method
is accurate in a dynamic setting. The two curves in Fig. 3.3(c) are almost the
19
same except for some data noises and the average error between the data from
these two methods is around 0.01 N .
3.3.2 Elongation Measurement
The elongation of a Bowden cable means the change in cable length, which
is determined by the relative positions of its two ends. Since the motion capture
system records the real-time positions of the markers, the cable length as well
as cable elongation, can be determined by attaching the markers to the cable
ends. To simplify the measurement setup, we only measure the displacement
of the motion capture marker attached to the input side of the cable while the
output side of the cable is connected to a force gauge (DFG55, OMEGA. Inc.)
fixed to the mechanical setup. The resolution of our elongation measurement
method is 0.1 mm, which is determined by the resolution of the motion capture
system.
3.4 Experimental Setup
Fig. 3.4 shows the experimental setups for friction and compliance char-
acterization. The servo motor (Dynamixel RX-24F, ROBOTIS. Inc.) is used
to load and unload the Bowden cable, the spring and marker sets are used to
measure either the tension or the elongation of the cable, the clamps are used
to hold the sheath, the pulleys are used for sheath routing, the force gauge is
used to measure the pretension at the output side of the Bowden cable, and





















(b) Mechanical setup for compliance char-
acterization
Figure 3.4: Experimental setup for (a) friction characterization. Two
springs attached with markers are used to measure the tension before and
after the sheath. (b) compliance characterization. The spring attached to the
input side of the cable is used to measure the cable elongation. θ is the clamp
orientation.
around the markers to capture the 3D motion of each marker. Unlike the setup
for friction characterization (Fig. 3.4(a)), there is no spring and marker set at
the output side of the Bowden cable for the compliance characterization setup
(Fig. 3.4(b)) because we only need the displacement of the marker attached
to the input side of cable to determine the cable elongation.
3.5 Experiment Procedure
For each case, the experiment procedures are as follows: the motor loads
the cable until the output tension measured by the force gauge reaches the
required pretension 4 N . Next the motor loads and unloads the cable at













(b) Plot for compliance characterization
Figure 3.5: Typical plots of experiment trials (a) A typical plot of one
friction characterization experiment trial (1x7 stainless steel cable, PTFE thin
sheath, 45◦ bending angle, 4 N pretension, 0.046 m/s cable speed, with routing
pulley). A-E is the loading stage, while E-H is the unloading stage; (b) A
typical plot of one compliance characterization experiment trial (FEP-coated
small-diameter cable, PTFE thin sheath, 45◦ bending angle, 4 N pretension,
0.046 m/s cable speed, with routing pulley). A-B is the loading stage, B-C is
the transition stage and C-D is the unloading stage
same pretension. Then the motor pretensions the cable to 6 N and loads and
unloads the cable at 0.046 m/s. This completes one trial of a case. Then the
collected data are processed as follows:
3.5.1 For Friction Characterization Experiments
The tensions in the cables are calculated and the output force Tout is
plotted versus the input force Tin. Fig. 3.5(a)shows a representative plot for
one experiment trial. The curve can be divided into 5 segments and they
correspond to:
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A-B the initial loading stage of the cycle. The coordinates of point A repre-
sent the pretensions in the cables before and after the sheath. From point A
to B, Tin increases but Tout remains the same, meaning the input force has not
been transmitted to the output side of the cable, and only partial of the cable
is moving while the cable segment at the output side has not started moving
yet.
B-C the loading transition stage. Tin is transmitted to the output Tout and
the whole cable starts moving. Because it takes some time for the cable to
reach the predetermined constant speed from zero, the transition segment has
some curvature.
C-D the loading stage. The slope of this segment is equal to the loading
force transmission efficiency.
D-E This segment corresponds to the loading to unloading transition stage.
Because the motor stops much faster than the cable, the cable is still moving
forward with a decreasing speed and Tout increases while Tin decreases till the
cable stops moving.
E-H These segments are the unloading stages and match with the corre-
sponding loading stages stated previously. The only difference is the direction
of friction and cable movement is changed.
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3.5.2 For Compliance Characterization Experiments
The cable elongation and the input tension are calculated, and the elonga-
tion δ is plotted versus the input force Tin. Fig. 3.5(b) shows a representative
plot for one of the experiment trials. The curve can be divided into 3 segments:
A-B is the loading stage of one cycle. The slope of this segment is equal to
the loading elongation compliance; B-C is the transition stage from loading to
unloading; and C-D is the unloading stage. The slope of this segment is equal
to the unloading elongation compliance.
We only calculate the force transmission efficiency and elongation compli-





In this section, the experimental results from both friction and compliance
characterization are presented and the effects of various factors are discussed.
Due to the large number of data, we only show the representative results. The
presented results are consistent with the complete data set, which can be found
in appendix.
4.1 Friction Characterization
4.1.1 Cable Construction (Fig. 4.1)
When the sheath is routed around a pulley, there is no significant differ-
ence in the force transmission efficiency between different cable constructions
because the routing pulley reduces the difference in cable bending stiffness.
However, if there is no pulley, the cable construction having larger bending
stiffness leads to higher force transmission efficiency. This is because the cable
runs through and supports the sheath. Large cable bending stiffness prevents
the sheath from bending or buckling and reduces the total bending angles
along the sheath. And according to the results in Bending Angle section, this
helps to increase the efficiency.
25


























Figure 4.1: Effects of cable construction on force transmission ef-
ficiency (PTFE thin sheath, 90◦ bending angle, 4N pretension,
0.0153 m/s cable speed). There is no significant difference in force trans-
mission efficiency between different cable constructions, if the sheath is routed
around a pulley. But cable construction (1x7) having larger bending stiffness
leads to higher efficiency when there is no pulley.
4.1.2 Cable Diameter (Fig. 4.2)
When the sheath is routed around a pulley, there is no significant difference
in the force transmission efficiency between different cable diameters because
the routing pulley reduces the difference in cable bending stiffness. However,
if there is no pulley, larger cable diameter leads to higher force transmission
efficiency. This is because large cable diameter results in large cable bending
stiffness, which in turn leads to high efficiency, as stated previously.
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Figure 4.2: Effects of cable diameter on force transmission efficiency
(PTFE thin sheath, 90◦ bending angle, 4N pretension, 0.153 m/s
cable speed). There is no significant difference in force transmission efficiency
between different cable diameters, if the sheath is routed around a pulley. But
larger cable diameter (0.66mm) leads to slightly higher efficiency when there
is no pulley.
4.1.3 Sheath Thickness (Fig. 4.3)
If there is no pulley, larger sheath thickness leads to much higher force
transmission efficiency. This is because large sheath thickness results in large
bending stiffness and high efficiency. When the sheath is routed around a pul-
ley, the thicker sheath has slightly higher force transmission efficiency because
the routing pulley reduces the difference in sheath bending stiffness.
4.1.4 Cable (Fig. 4.4) and Sheath Material (Fig. 4.5)
Smaller coefficient of friction of cable and sheath pair leads to higher force
transmission efficiency for both cases with and without routing pulley. As
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Figure 4.3: Effects of sheath thickness on force transmission efficiency
(7x19 FEP-coated large-diameter cable, 90◦ bending angle, 4N pre-
tension, 0.0153 m/s cable speed). Larger sheath thickness (1mm) leads to
slightly higher force transmission efficiency when the sheath is routed around a
pulley. If there is no pulley, the thicker sheath leads to much higher efficiency
than the thinner one.
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Figure 4.4: Effects of cable material on force transmission efficiency
(Nylon sheath, 90◦ bending angle, 4N pretension, 0.0153 m/s cable
speed). Pairing with the same sheath, the cable (7x19 FEP-coated large
diameter stainless steel cable) having smaller coefficient of friction leads to
higher efficiency for both cases with and without routing pulley.
Table 4.1: Coefficient of friction of different cable and sheath pairs.






shown in Table 4.1, in terms of cable material, FEP has smaller coefficient of
friction than stainless steel when paired with Nylon sheath. On the other hand,
for sheath materials, PTFE has smaller coefficients of friction than Nylon when
paired with stainless steel cable.
According to Table 4.1, stainless steel and FEP cables have the same
29


























Figure 4.5: Effects of sheath material on force transmission effi-
ciency (7x19 stainless steel cable, 90◦ bending angle, 4N pretension,
0.0153 m/s cable speed). Pairing with the same cable, the sheath (PTFE
thin sheath) having smaller coefficient of friction leads to higher efficiency for
both cases with and without routing pulley.
coefficient of friction when paired with PTFE sheath. However, Fig. 4.6
shows that FEP cable has higher force transmission efficiency than stainless
steel cable. The possible reason for this is that the coefficient of friction given
in Table 4.1 is under the premise that both materials have the same surface
roughness. However since the stainless steel cable is braided with multiple
strands, its surface is relatively more rugged than that of the FEP-coated
cable, which results in lower efficiency.
4.1.5 Bending Angle (Fig. 4.7)
Smaller bending angle leads to higher force transmission efficiency for both
cases with and without routing pulley. This is because smaller bending angle
30



























Figure 4.6: Effects of cable material on force transmission efficiency
(PTFE thin sheath, 90◦ bending angle, 4N pretension, 0.0153 m/s
cable speed). Although FEP and stainless steel cables have the same coeffi-
cient of friction when paired with PTFE sheath, FEP cable has shows higher
force transmission efficiency than stainless steel cable.



























Figure 4.7: Effects of bending angle on force transmission effi-
ciency (PTFE thin sheath, 1x7 stainless steel cable, 4N pretension,
0.0153 m/s cable speed). Smaller bending angle leads to higher force trans-
mission efficiency for both cases with and without routing pulley.
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Figure 4.8: Effects of pretension on force transmission efficiency
(PTFE thin sheath, 90◦ bending angle, 7x19 stainless steel cable,
0.0153 m/s cable speed). Pretension has no effect on force transmission
efficiency when the sheath is routed around a pulley. But larger pretension
leads to lower force transmission efficiency if there is no pulley.


























Figure 4.9: Effects of speed on force transmission efficiency (PTFE
thin sheath, 90◦ bending angle, 4N pretension, 1x7 stainless steel
cable). Larger cable speed leads to lower force transmission efficiency for
both cases with and without pulley.
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results in smaller normal force and friction force, and in turn increase the force
transmission efficiency.
4.1.6 Pretension (Fig. 4.8)
Pretension has no effect on force transmission efficiency when the sheath
is routed around a pulley. However, larger pretension leads to lower force
transmission efficiency if there is no pulley. This is because when there is no
routing pulley, larger pretension increases the total bending angle along the
sheath and reduces the efficiency. But when the sheath is routed, the total
bending angle remain the same, hence the efficiency does not change with
pretension.
4.1.7 Cable Speed (Fig. 4.9)
Larger cable speed leads to lower force transmission efficiency for both
cases with and without pulley. One reason for this is that Bowden cable
friction includes some viscous friction. Another reason is that the coefficients
of friction of the materials may increase with velocity.
4.1.8 Sheath Routing (Fig. 4.1–4.9)
We can see that for all different combinations of other factors, the cases
with routing pulley always have higher force transmission efficiency than those
without pulley. And the factors leading to the increase of bending stiffness of
cables or sheaths help to reduce the difference in efficiency between cases with
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and without routing pulley, because the major difference between cases with
and without pulley is the bending stiffness.
4.2 Compliance Characterization
4.2.1 Cable Construction (Fig. 4.10)
Cable construction having larger elongation stiffness leads to smaller elon-
gation compliance for both cases with and without pulley.
4.2.2 Cable Diameter (Fig. 4.11)
Larger cable diameter (0.66 mm) leads to lower compliance for both cases
with and without routing pulley. This is because larger cable diameter results




























Figure 4.10: Effects of cable construction on elongation compliance
(PTFE thin sheath, 90◦ bending angle, 4N pretension, 0.0153 m/s
cable speed). Cable construction (1x7) having larger elongation stiffness
leads to lower compliance for both cases with and without routing pulley.
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Figure 4.11: Effects of cable diameter on elongation compliance
(PTFE thin sheath, 90◦ bending angle, 4N pretension, 0.0153 m/s
cable speed). Larger cable diameter (0.66mm) leads to lower compliance for
both cases with and without routing pulley.
in larger cross section area and increase the elongation stiffness.
4.2.3 Sheath Thickness (Fig. 4.12)
When the sheath is routed around a pulley, thicker sheath leads to larger
compliance. This is because the force along the cable is larger for the thicker
sheath than the thinner sheath (Fig. 4.13), which causes the cable to be
stretched more. If there is no routing pulley, larger sheath thickness leads
to much smaller elongation compliance. This is because the elongation of
cable is the combined result of the stretch of the cable and the shrink of the
sheath. Smaller sheath thickness leads to smaller sheath elongation stiffness
and the sheath shrinks more under given tension. Although the thicker sheath
has higher force transmission efficiency and should have larger compliance as
35




























Figure 4.12: Effects of sheath thickness on elongation compliance
(7x19 FEP-coated large-diameter cable, 90◦ bending angle, 4N pre-
tension, 0.0153 m/s cable speed). Larger sheath thickness (1mm) leads to
larger compliance when the sheath is routed around a pulley, but it leads to
much smaller compliance when there is no pulley.
the case with routing pulley, the shrink of sheath dominates the elongation
compliance and the net result is that thinner sheath has larger compliance.
4.2.4 Cable and Sheath Material
We can not determine the effect of cable and sheath material on elongation
compliance because the two cables and two sheaths not only have different
material but different elongation stiffness as well. Therefore we can not tell
the compliance difference is due to different material or it is due to different
elongation stiffness.
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Figure 4.13: Effects of sheath thickness on force transmission effi-
ciency (7x19 FEP-coated large-diameter cable, 90◦ bending angle,
4N pretension, 0.0153 m/s cable speed, with pulley). Larger sheath
thickness leads to higher force transmission efficiency and its output force is
always larger than that of the thinner sheath during the loading phase.
4.2.5 Bending Angle (Fig. 4.14)
Smaller bending angle leads to larger elongation compliance. This is be-
cause smaller bending angle results in larger force transmission efficiency and
larger force, and in turn increase the elongation compliance, as stated in Sheath
Thickness section. .
4.2.6 Pretension (Fig. 4.15)
Pretension has no effect on elongation compliance for both cases with
and without routing pulley. This is because pretension only affects the initial
stretch of the cable. And the elongation compliance is calculated based on the
37




























Figure 4.14: Effects of bending angle on force transmission effi-
ciency (PTFE thin sheath, 1x7 stainless steel cable, 4N pretension,
0.0153 m/s cable speed). Smaller bending angle leads to larger elongation
compliance for both cases with and without routing pulley.


























Figure 4.15: Effects of pretension on force transmission efficiency
(PTFE thin sheath, 90◦ bending angle, 7x19 stainless steel cable,
0.0153 m/s cable speed). Pretension has no effect on elongation compliance
for both cases with and without routing pulley.
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Figure 4.16: Effects of speed on force transmission efficiency (PTFE
thin sheath, 90◦ bending angle, 4N pretension, 1x7 stainless steel
cable). Larger cable speed leads to lower elongation compliance for both
cases with and without pulley.
change of elongation and input force, not the absolute value of elongation and
input force.
4.2.7 Cable Speed (Fig. 4.16)
Larger cable speed leads to smaller elongation compliance for both cases
with and without pulley. This is because smaller cable speed results in larger
force transmission efficiency and larger force, and in turn increase the elonga-
tion compliance, as stated in Sheath Thickness section.
4.2.8 Sheath Routing (Fig. 4.10–4.16)
We can see that for all different combinations of other factors, the cases
with routing pulley always have smaller elongation compliance than those with-
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out pulley. The routing pulley prevents the sheath from moving or buckling,





We have presented a systematic experimental method for the characteri-
zation of Bowden cable friction and compliance.
We have investigated the effects of nine variables, including cable con-
struction, cable diameter, cable material, sheath thickness, sheath material,
bending angle, pretension, cable speed and sheath routing on force transmis-
sion efficiency and elongation compliance. In summary, cable construction
having larger bending stiffness, larger cable diameter, larger sheath thickness,
cable and sheath materials having smaller coefficient of friction, smaller bend-
ing angle, smaller cable speed and having the sheath routed around a pulley,
result in increased force transmission efficiency. On the other hand, cable con-
struction having larger elongation stiffness, larger cable diameter, larger sheath
thickness (without routing pulley), smaller bending angle, larger cable speed
and having the sheath routed around a pulley results in decreased elongation
compliance.
We have introduced a novel force and elongation measurement method,
and have validated its performance. By using the same system setup based on
a motion capture system and springs, we can achieve both the measurement
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of tension and cable elongation. And this helps to simplify our experimental
setup.
Through a comprehensive set of experiments under 144 different situa-
tions, the following guidelines are generated. Robotics researchers could ben-
efit from these results when choosing Bowden cables and designing control
systems.:
Cable Construction Cable construction having larger bending stiffness
helps to increase the force transmission efficiency and cable construction hav-
ing larger elongation stiffness helps to decrease the elongation compliance.
Cable Diameter Larger cable diameter helps to increase the force trans-
mission efficiency and decrease the elongation compliance.
Sheath Thickness Larger sheath thickness helps to increase the force trans-
mission efficiency and decrease the elongation compliance.
Cable and Sheath Material Cable and sheath materials having smaller
coefficient of friction helps to increase the force transmission efficiency.
Bending Angle Smaller bending angle helps to increase the force transmis-
sion efficiency, but increase the elongation compliance.
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Cable Speed Smaller cable speed helps to increase the force transmission
efficiency, but increase the elongation compliance.
Pretension Pretension has no effect on force transmission efficiency when
the sheath is routed, but larger pretension decreases efficiency when there is
no routing pulley. On the other hand, pretension has no effect on elongation
compliance for both cases with and without routing pulley.
Sheath Routing Sheath routing has great effect on both force transmission
efficiency and elongation compliance. Therefore, the previous studies [10, 11,
15, 17] based on routing pulleys may not be able to show the actual behavior
of Bowden cables when the sheath is not routed. Generally, having the sheath
routed around pulleys helps to increase the force transmission efficiency and
decrease the elongation compliance.
One of the limitations of the study is that there may be potential correla-
tions among the nine factors which was not investigated. Also this paper only
studies the characteristics of small-sized Bowden cables, which are often used
in robotic hand applications [1][4]. For characterizing Bowden cable for heavy
load requirements, such as upper or lower limb robots, additional experiments
might be necessary.
Our study may help robotics researchers in design of hardware and con-
troller. The selection of actuator size is an important design decision and the
estimation of external disturbance influences controls greatly. We provide spe-
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cific guidelines for the selection of Bowden cable types and configurations, and







Table 1.1 and Table 1.2 show the force transmission efficiencies for differ-
ent cases. And Table 1.3 and Table 1.4 show the elongation compliances for
different cases.
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Table 1.1: Force transmission efficiencies with the sheath routed
around a pulley. (FEP S means FEP-coated small-diameter cable, while
FEP L means FEP-coated large-diameter cable.)
W/ Pulley
Nylon, 90◦ 1x7 7x19 FEP S FEP L
0.0153 m/s, 4 N 0.820(0.007) 0.833(0.008) 0.866(0.007) 0.869(0.011)
0.046 m/s, 4 N 0.795(0.006) 0.821(0.012) 0.860(0.020) 0.857(0.012)
0.046 m/s, 6 N 0.791(0.009) 0.817(0.008) 0.851(0.014) 0.852(0.015)
Nylon, 45◦ 1x7 7x19 FEP S FEP L
0.0153 m/s, 4 N 0.872(0.015) 0.897(0.006) 0.923(0.008) 0.923(0.008)
0.046 m/s, 4 N 0.849(0.012) 0.881(0.017) 0.904(0.011) 0.909(0.003)
0.046 m/s, 6 N 0.847(0.006) 0.881(0.004) 0.907(0.007) 0.906(0.007)
PTFE thin, 90◦ 1x7 7x19 FEP S FEP L
0.0153 m/s, 4 N 0.867(0.009) 0.871(0.004) 0.920(0.008) 0.921(0.010)
0.046 m/s, 4 N 0.830(0.003) 0.847(0.004) 0.884(0.010) 0.885(0.007)
0.046 m/s, 6 N 0.827(0.010) 0.846(0.007) 0.888(0.011) 0.884(0.008)
PTFE thin, 45◦ 1x7 7x19 FEP S FEP L
0.0153 m/s, 4 N 0.926(0.003) 0.922(0.006) 0.950(0.002) 0.952(0.003)
0.046 m/s, 4 N 0.905(0.012) 0.898(0.005) 0.934(0.002) 0.935(0.011)
0.046 m/s, 6 N 0.895(0.001) 0.902(0.009) 0.936(0.003) 0.939(0.003)
PTFE thick, 90◦ 1x7 7x19 FEP S FEP L
0.0153 m/s, 4 N 0.907(0.002) 0.919(0.010) 0.930(0.004) 0.930(0.008)
0.046 m/s, 4 N 0.898(0.006) 0.873(0.008) 0.921(0.010) 0.920(0.009)
0.046 m/s, 6 N 0.896(0.007) 0.871(0.017) 0.919(0.008) 0.919(0.008)
PTFE thick, 45◦ 1x7 7x19 FEP S FEP L
0.0153 m/s, 4 N 0.923(0.013) 0.927(0.003) 0.948(0.009) 0.948(0.006)
0.046 m/s, 4 N 0.905(0.002) 0.915(0.004) 0.930(0.004) 0.931(0.006)
0.046 m/s, 6 N 0.909(0.009) 0.910(0.005) 0.930(0.008) 0.931(0.005)
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Table 1.2: Force transmission efficiencies without the sheath routed
around a pulley.(FEP S means FEP-coated small-diameter cable, while FEP
L means FEP-coated large-diameter cable.)
W/O Pulley
Nylon, 90◦ 1x7 7x19 FEP S FEP L
0.0153 m/s, 4 N 0.724(0.009) 0.701(0.002) 0.720(0.008) 0.745(0.019)
0.046 m/s, 4 N 0.649(0.004) 0.643(0.003) 0.707(0.002) 0.730(0.011)
0.046 m/s, 6 N 0.567(0.012) 0.527(0.005) 0.676(0.016) 0.700(0.000)
Nylon, 45◦ 1x7 7x19 FEP S FEP L
0.0153 m/s, 4 N 0.809(0.003) 0.773(0.009) 0.762(0.011) 0.765(0.004)
0.046 m/s, 4 N 0.777(0.001) 0.748(0.009) 0.744(0.006) 0.758(0.009)
0.046 m/s, 6 N 0.731(0.018) 0.708(0.009) 0.668(0.009) 0.727(0.010)
PTFE thin, 90◦ 1x7 7x19 FEP S FEP L
0.0153 m/s, 4 N 0.816(0.006) 0.751(0.008) 0.733(0.019) 0.755(0.003)
0.046 m/s, 4 N 0.784(0.008) 0.709(0.008) 0.710(0.011) 0.730(0.008)
0.046 m/s, 6 N 0.756(0.007) 0.597(0.009) 0.703(0.000) 0.727(0.002)
PTFE thin, 45◦ 1x7 7x19 FEP S FEP L
0.0153 m/s, 4 N 0.849(0.003) 0.766(0.002) 0.764(0.007) 0.777(0.013)
0.046 m/s, 4 N 0.822(0.004) 0.737(0.005) 0.727(0.002) 0.739(0.008)
0.046 m/s, 6 N 0.820(0.008) 0.650(0.004) 0.726(0.009) 0.731(0.010)
PTFE thick, 90◦ 1x7 7x19 FEP S FEP L
0.0153 m/s, 4 N 0.877(0.008) 0.818(0.011) 0.849(0.004) 0.870(0.006)
0.046 m/s, 4 N 0.840(0.003) 0.792(0.006) 0.834(0.008) 0.814(0.005)
0.046 m/s, 6 N 0.784(0.014) 0.785(0.013) 0.766(0.008) 0.793(0.016)
PTFE thick, 45◦ 1x7 7x19 FEP S FEP L
0.0153 m/s, 4 N 0.909(0.004) 0.892(0.004) 0.899(0.006) 0.904(0.007)
0.046 m/s, 4 N 0.888(0.006) 0.886(0.009) 0.885(0.005) 0.890(0.006)
0.046 m/s, 6 N 0.886(0.003) 0.873(0.005) 0.849(0.017) 0.869(0.020)
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Table 1.3: Elongation compliances with the sheath routed around a
pulley. (FEP S means FEP-coated small-diameter cable, while FEP L means
FEP-coated large-diameter cable.)
W/ Pulley
Nylon, 90◦ 1x7 7x19 FEP S FEP L
0.0153 m/s, 4 N 0.1020(0.0316) 0.1651(0.0013) 0.1210(0.0161) 0.1095(0.0070)
0.046 m/s, 4 N 0.0520(0.0050) 0.0946(0.0059) 0.0863(0.0007) 0.0598(0.0076)
0.046 m/s, 6 N 0.0533(0.0037) 0.0850(0.0018) 0.0875(0.0115) 0.0573(0.0178)
Nylon, 45◦ 1x7 7x19 FEP S FEP L
0.0153 m/s, 4 N 0.1236(0.0086) 0.1757(0.0046) 0.1411(0.0127) 0.1294(0.0064)
0.046 m/s, 4 N 0.0898(0.0094) 0.1048(0.0028) 0.1151(0.0021) 0.1090(0.0030)
0.046 m/s, 6 N 0.0862(0.0059) 0.1116(0.0056) 0.1404(0.0042) 0.0993(0.0013)
PTFE thin, 90◦ 1x7 7x19 FEP S FEP L
0.0153 m/s, 4 N 0.1066(0.0062) 0.2074(0.0080) 0.1129(0.0057) 0.0866(0.0009)
0.046 m/s, 4 N 0.0593(0.0014) 0.1518(0.0048) 0.0853(0.0002) 0.0771(0.0036)
0.046 m/s, 6 N 0.0548(0.0076) 0.1500(0.0142) 0.0877(0.0055) 0.0727(0.0017)
PTFE thin, 45◦ 1x7 7x19 FEP S FEP L
0.0153 m/s, 4 N 0.1174(0.0016) 0.2253(0.0142) 0.1422(0.0061) 0.1294(0.0062)
0.046 m/s, 4 N 0.0771(0.0025) 0.1842(0.0058) 0.1100(0.0014) 0.0809(0.0003)
0.046 m/s, 6 N 0.0784(0.0007) 0.1845(0.0021) 0.1145(0.0073) 0.0828(0.0029)
PTFE thick, 90◦ 1x7 7x19 FEP S FEP L
0.0153 m/s, 4 N 0.1094(0.0027) 0.1934(0.0115) 0.1536(0.0037) 0.1369(0.0188)
0.046 m/s, 4 N 0.0875(0.0018) 0.0961(0.0014) 0.0986(0.0042) 0.0932(0.0033)
0.046 m/s, 6 N 0.0881(0.0025) 0.0935(0.0056) 0.0964(0.0028) 0.0930(0.0054)
DW45 1x7 7x19 FEP S FEP L
0.0153 m/s, 4 N 0.1285(0.0032) 0.2559(0.0203) 0.1615(0.0050) 0.1687(0.0006)
0.046 m/s, 4 N 0.0938(0.0020) 0.1599(0.0000) 0.1042(0.0006) 0.0982(0.0042)
0.046 m/s, 6 N 0.1007(0.0083) 0.1583(0.0133) 0.1020(0.0033) 0.0958(0.0028)
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Table 1.4: Elongation compliances without the sheath routed around
a pulley. (FEP S means FEP-coated small-diameter cable, while FEP L
means FEP-coated large-diameter cable.)
W/O Pulley
Nylon, 90◦ 1x7 7x19 FEP S FEP L
0.0153 m/s, 4 N 0.2385(0.0113) 0.3207(0.0051) 0.3172(0.0074) 0.2780(0.0043)
0.046 m/s, 4 N 0.1378(0.0092) 0.1262(0.0039) 0.0648(0.0016) 0.0835(0.0068)
0.046 m/s, 6 N 0.2645(0.0132) 0.1538(0.0077) 0.2647(0.0027) 0.1337(0.0006)
Nylon, 45◦ 1x7 7x19 FEP S FEP L
0.0153 m/s, 4 N 0.2579(0.0076) 0.3189(0.0006) 0.2838(0.0045) 0.1666(0.0038)
0.046 m/s, 4 N 0.1343(0.0052) 0.1646(0.0116) 0.0854(0.0050) 0.1234(0.0073)
0.046 m/s, 6 N 0.1826(0.0016) 0.1681(0.0050) 0.1161(0.0066) 0.2371(0.0023)
PTFE thin, 90◦ 1x7 7x19 FEP S FEP L
0.0153 m/s, 4 N 0.4140(0.0013) 0.4831(0.0003) 0.5136(0.0094) 0.4738(0.0078)
0.046 m/s, 4 N 0.3712(0.0147) 0.3191(0.0143) 0.3954(0.0051) 0.2425(0.0046)
0.046 m/s, 6 N 0.3626(0.0086) 0.3158(0.0014) 0.3650(0.0007) 0.2662(0.0001)
PTFE thin, 45◦ 1x7 7x19 FEP S FEP L
0.0153 m/s, 4 N 0.4877(0.0026) 0.5221(0.0157) 0.5565(0.0105) 0.4128(0.0074)
0.046 m/s, 4 N 0.4152(0.0031) 0.4144(0.0006) 0.3686(0.0066) 0.2746(0.0003)
0.046 m/s, 6 N 0.4146(0.0082) 0.4031(0.0059) 0.3488(0.0000) 0.2789(0.0059)
PTFE thick, 90◦ 1x7 7x19 FEP S FEP L
0.0153 m/s, 4 N 0.1612(0.0030) 0.1943(0.0070) 0.2193(0.0099) 0.1899(0.0056)
0.046 m/s, 4 N 0.1063(0.0057) 0.1528(0.0050) 0.1780(0.0038) 0.1526(0.0011)
0.046 m/s, 6 N 0.1419(0.0053) 0.1612(0.0098) 0.1784(0.0010) 0.1403(0.0010)
PTFE thick, 45◦ 1x7 7x19 FEP S FEP L
0.0153 m/s, 4 N 0.1809(0.0053) 0.2091(0.0073) 0.2251(0.0090) 0.2143(0.0013)
0.046 m/s, 4 N 0.1532(0.0033) 0.1603(0.0018) 0.1763(0.0048) 0.1664(0.0041)
0.046 m/s, 6 N 0.1512(0.0022) 0.1615(0.0007) 0.1975(0.0019) 0.1637(0.0057)
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